Significance Statement {#s1}
======================

Failed regeneration in CNS neurons is increasingly linked to the innate response of the immune system to injury, which leads to tissue destructive inflammation and scarring. Extracellular matrix (ECM) technology has been widely successful clinically in modulating the innate response of the immune system to reduce inflammation and to increase positive tissue remodeling, over scarring. ECM technology is now being developed to treat CNS injuries. Here we discuss recent advances in developing ECM technology in two platforms, an injectable ECM hydrogel and an ECM hydrogel and polymer "biohybrid" sheet. Unlike traditional immunosuppressive treatments that also suppress beneficial immune system functions, ECM-based devices offer a natural biocompatible platform for modulating the innate immune response to promote functional CNS tissue repair.

Introduction {#s2}
============

Approximately 2.5 million cases of ocular trauma are reported annually in the United States, with about 50,000 of these cases resulting in permanent vision loss at an estimated lifetime cost of approximately \$900,000 per person according to the National Federation of the Blind (2013). Additionally, ∼80 million people in the United States experience eye-blinding diseases. Worldwide, ∼285 million people are visually impaired, and this number is predicted to increase with increasing longevity ([@B108]). However, we lack a clinically relevant regenerative medicine approach to promoting constructive tissue remodeling in the neural tissues of the eye, the retina, and the optic nerve. This review discusses developing extracellular matrix (ECM) hydrogel technology to promote constructive tissue remodeling, over scarring, after trauma or disease by modulating the innate immune response to injury. Tissue-specific ECM hydrogels may also provide a more biologically relevant delivery platform for existing retinal and optic nerve repair technologies, like delivering neurotrophic factors, stem or progenitor cells, or antioxidants, among others. Though this review focuses primarily on the retinal ganglion cells (RGCs), microglia, and macrophages, the potential benefits of ECM technology are widely applicable to other neural and glial populations throughout the CNS.

In adult mammalian CNS neurons, failed axon regeneration remains a persistent problem due to the variety of factors prohibiting axon regeneration. In the visual system, injury to RGC axons often leads to progressive RGC axon degeneration, and ultimately to RGC death and permanent vision loss. The inability of CNS neurons to regenerate injured axons is due to multiple intrinsic and injury-induced factors that suppress axon regeneration, including poor intrinsic axon growth ability ([@B50]), altered organelle dynamics ([@B80]), lost neurotrophic support, ([@B90]), glial expressed inhibitory molecules like Nogo-A, myelin-associated glycoprotein, and oligodendrocyte myelin glycoprotein ([@B94]; [@B130]), and the innate immune response ([@B62]; [Fig. 1](#F1){ref-type="fig"}), among others.

![Numerous barriers must be overcome to prevent neural degeneration. The low intrinsic regeneration capacity of RGCs, lost neurotrophic support, and an inflammatory immune response are three major factors leading to neurodegeneration. Therapies overcoming these barriers are showing promise in preclinical and clinical models, including stem cell delivery from both exogenous and endogenous sources; neurotrophin delivery; and immunomodulatory therapies using macrophage polarization, immunomodulatory drugs, and cytokines.](enu0051501170001){#F1}

After injury, RGCs can regenerate axons over long distances, if provided a suitable substrate like a peripheral nerve graft, to reinnervate visual centers in the rodent brain ([@B140]). In rodent models, transected RGC axons initially display transitory axonal sprouting, indicating that some intrinsic capacity for regeneration exists, and then ∼90% undergo apoptotic cell death within 14 d ([@B14]). After injury, activated glia, both in the retina and in the optic nerve, produce pro-regenerative neurotrophic factors ([@B57]), indicating that the glial population also has some capacity for supporting axon regeneration in the adult mammalian CNS. However, reactive astrocyte and other glial cell-mediated remodeling of the ECM ([@B43]; [@B83]; [@B89]; [@B72]) ultimately produces a glial scar containing proteoglycans ([@B125]), including neurocan, brevican, phosphacan, and versican ([@B68]; [@B26]), and myelin-derived molecules that inhibit axon growth in CNS tissues ([@B133]; [@B116]). Thus, in developing new regenerative therapies for CNS injuries, a more comprehensive "tissue-level" approach is required that includes modulating glial cell activation and ECM remodeling to suppress scarring.

Combinatorial approaches, targeting one or more axon growth-inhibiting factors by molecular and/or genetic manipulations, can improve RGC survival and increase axon regeneration in the visual system ([@B79]). In optic nerve crush studies, full-length axon regeneration was reported in mice treated with combinatorial therapies that increase intrinsic axon regeneration potential, indicating that injured RGC axons can regenerate through the "host" optic nerve to reinnervate the brain. Though the percentage of neurons that regenerated sufficiently to reinnervate the brain was low, encouragingly, some functional recovery was reported ([@B36]). Additionally, studies using peripheral nerve grafts and bioengineered neural bridges have shown that transected RGC axons can also regenerate over long distances through nonhost tissues ([@B15]) and biomaterials ([@B146]). In some cases, transected RGC axons regenerated sufficiently to reinnervate the brain. However, these studies also reported that a low percentage of axons regenerated successfully ([@B20]). Instead of trying to target numerous growth-inhibiting factors, which may lead to a never-ending series of complications due to off-target effects, or relying on foreign tissue or bioengineered neural bridges, which may not be compatible in the long term and are difficult to envision routing properly to the numerous visual centers in the brain, a more logical approach may be to treat CNS injury at the tissue level by altering the default healing response to injury.

The innate immune response and CNS regeneration {#s3}
===============================================

The default healing response in the CNS is closely linked to the timing and nature of the innate immune response to injury ([@B78]; [@B48]). After CNS trauma, damaged and dying cells release chemokines and other molecules ([@B111]; [@B23]) that modulate multiple innate immune system cells, including neutrophils ([@B115]; [@B39]), macrophages ([@B127]), and microglia ([@B55]), among others. Studies from animals that can regenerate CNS tissues, including retina, optic nerve, and brain, indicate that the temporal and spatial organization of macrophage phenotypes is a critical determinant in the overall healing response ([@B119]). For example, in vertebrates like the axolotl, the temporal and spatial patterning of macrophage phenotypes appears to determine whether injured tissues are repaired functionally or whether scar tissue is formed ([@B49]).

Macrophages and microglia, the resident macrophage-like cells in the CNS, alter their phenotypes along a spectrum, ranging from the classically activated proinflammatory, M1-like phenotype to the alternatively activated anti-inflammatory, M2-like phenotype ([@B92]). This spectrum of phenotypes and their spatial and temporal ratios to one another play distinct roles in the healing process in most vertebrates, determining whether a tissue forms scar tissue or whether a tissue remodels to preserve or restore function. M1-like and M2-like macrophages can generally be distinguished by assessing cytokine, receptor, and enzyme expression levels. Classic M1-like markers include, but are not limited, to proinflammatory markers like interleukin (IL)-1β, IL-6, IL-12, tumor necrosis factor-α, inducible nitric oxide synthase, and C-X-C motif chemokine 10, while alternatively activated M2-like markers include transforming growth factor-β (TGF-β), IL-10, IL-1 receptor antagonist, arginase-1, CD206, and CD163 ([@B71]; [@B56]; [@B92]). Of note, M1- and M2-like markers can vary significantly depending on species, tissue, or organ, and the nature of the injury or pathogen. Thus, careful consideration of multiple markers must be used to identify macrophage phenotypes. Generally, proinflammatory M1-like cells produce high levels of oxidative metabolites (e.g., nitric oxide and superoxide) and proinflammatory cytokines, which are essential for host defense and tumor cell killing ([@B121]). However, these factors also cause secondary tissue damage, expand the injury area, and contribute to increased scarring ([@B91]). In contrast, M2-like macrophages are generally thought to be anti-inflammatory and promote functional tissue remodeling ([@B76]). Immunodepleting M1-like macrophages in adult mammals can reduce scarring and improve tissue preservation and functional outcomes. Conversely, cytokines like IL-4 or IL-13 promote an M2-like phenotype ([@B101]), which is thought to reduce tissue-destructive inflammation and to increase functional tissue remodeling ([@B122]). In CNS tissues, M1 macrophages are neurotoxic and possess only moderate axon growth-promoting effects ([@B76]), whereas M2 macrophages are non-neurotoxic and can promote long-distance axon growth, even in the presence of growth-inhibitory molecules like chondroitin sulfate proteoglycans (CSPG) or myelin ([@B76]). The M2 phenotype has been implicated in tissue repair through cytokine secretion that in turn supports new ECM deposition and tissue remodeling during the wound-remodeling stage ([@B102]). Thus, after CNS injury, immunomodulatory therapeutics designed to positively modulate the ratio between M1-like and M2-like macrophages are a logical approach to improving CNS repair.

Extracellular matrix technology {#s4}
===============================

How can we modulate microglia and macrophage phenotypes to promote a more favorable healing outcome in CNS tissues? Extracellular matrix technology is an attractive candidate. Naturally derived ECM bioscaffolds have been shown to modulate the innate immune response in wide-ranging applications throughout the body. ECM technology uses ECM bioscaffolds derived by decellularizing various healthy mammalian tissues or organs primarily from porcine or equine sources ([@B46]; [@B8]; [Fig. 2](#F2){ref-type="fig"}). ECM bioscaffolds maintain many of the bioactive molecules specific to the native tissue, including collagens, glycosaminoglycans, laminins, and growth factors ([@B31]; [@B135]), that are unavailable in synthetic materials. When properly prepared, ECM does not produce an adverse immune response ([@B73]) and is highly translatable clinically. Over 4 million patients have been treated with \>60 Food and Drug Administration-approved, ECM-based products used to treat injuries in varied tissues, including skin, heart, esophagus, bladder, muscle, bone, and peripheral nerves, among others ([@B10]; [@B8]; [@B137]; [@B147]). However, few initial studies have analyzed whether ECM technology can modulate the default healing response in the brain or spinal cord ([@B87]; [@B18]; [@B157]), and applying ECM technology to retinal or to optic nerve injuries has been virtually unexplored.

![ECMs can be derived from different animal tissues or organs, each with a unique compliment of proteins, carbohydrates, extracellular matrix molecules, growth factors, and cytokines. The ECM is a flexible platform that can be used as a natural material bioscaffold, an injectable hydrogel, or combined with polymeric materials to form biohybrid devices with controllable mechanical and biochemical properties. Each form can be augmented with cells or other bioactive molecules to improve the healing response.](enu0051501170002){#F2}

ECM bioscaffolds can modulate several components of the default healing response relevant to constructive CNS tissue remodeling. For example, porcine small intestine ECM (SIS-ECM) bioscaffolds induce angiogenesis in an esophageal resection and repair model in dog ([@B6]), and both angiogenesis and neurogenesis in a murine model of volumetric skeletal muscle loss ([@B124]). SIS-ECM bioscaffolds can also promote innervation in a rodent abdominal wall reconstruction model ([@B2]). ECM degradation products derived from digesting urinary bladder ECM can direct both progenitor cells and resident tissue-derived cells to repopulate the injury site in a mouse model of digit amputation ([@B4]). Decellularized peripheral nerve ECM can stimulate axon regeneration in the rodent sciatic nerve ([@B138]) as well as in human clinical studies in part by stimulating Schwann cell migration and myelination ([@B70]; [@B30]). ECM-based hydrogels can reduce glial activation in rodent CNS trauma models ([@B85]; [@B75]) with reports of improved neurologic function ([@B65]). Finally, ECM bioscaffolds also possess antimicrobial activities ([@B21]; [@B98]), which are critical in any successful wound-healing scenario.

However, modulating the innate response of the immune system to injury is increasingly recognized as the critical factor necessary to bias the default healing response toward site-appropriate, functional tissue remodeling. ECM-derived factors are hypothesized to modulate the innate immune response by regulating the spatial and temporal ratios between M1-like and M2-like macrophage and microglia phenotypes. Naturally derived ECM bioscaffolds have been shown to increase M2-like, pro-regenerative macrophages at the ECM implantation site in muscle defect models based on both immunohistochemical and quantitative PCR for M1-like and M2-like macrophage markers ([@B9]; [@B25]). However, whether ECM can similarly regulate M1/M2 phenotypes in infiltrating macrophage and resident microglia, which differ considerably from monocyte-derived macrophages ([@B29]), in the CNS is largely unknown. Depleting or inhibiting M1 macrophage activity has long been recognized as being neuroprotective in the CNS ([@B47]; [@B51]). In a rodent traumatic brain injury (TBI) model, urinary bladder matrix (UBM) injected into the brain did not detectably activate microglia or astrocytes, while decreasing the lesion volume and increasing functional recovery ([@B157]). In a rodent spinal cord injury model, M2-like macrophage-derived factors were shown to reduce astrocyte activation, which in turn reduced M1-like macrophage infiltration via a putative feedback mechanism ([@B54]). Since the glial scar contains inhibitory molecules like CSPGs, which not only prohibit axon regeneration ([@B94]) but also appear to polarize macrophages toward an M1 phenotype ([@B13]; [@B38]), the glial scar appears to promote proinflammatory signaling indefinitely at the lesion site ([@B76]). Thus, the antigliotic and immunomodulatory properties of naturally derived ECM bioscaffolds should be further explored in the CNS as a preemptive strategy for reducing scarring.

How do ECM bioscaffolds modulate the default healing response at a signaling level? ECM-induced changes in the default healing response are attributed to both chemotactic and chemotrophic factors, released during ECM degradation ([@B113]), that direct site-appropriate cellular migration and differentiation. In turn, appropriately differentiated cells feedback positively by exerting site-appropriate changes in the extracellular matrix in a process termed "dynamic reciprocity" ([@B19]; [@B17]; [@B105]). After ECM is applied *in vivo*, ECM bioscaffolds are rapidly invaded and degraded by macrophages and other immune cells. During degradation, factors are released, including growth factors that contribute to healing, like VEGF (Sage, 1997; [@B60]), TGF-β, PDGF, BMP4, and bFGF ([@B93]; [@B7]). Recent studies have demonstrated that biologically active ECM degradation products are released from collagen, laminin, and fibronectin molecules ([@B35]; [@B1]; [@B22]; [@B33]; [@B113]) and from angiogenic proteins (Sage, 1997; [@B60]). These so-called "matricryptic peptides" can recruit endogenous stem cells and direct their migration ([@B4]), proliferation ([@B113]), and differentiation into site-appropriate cell types. For example, peptides generated by enzymatic degradation of urinary bladder ECM identified a C-terminal telopeptide of collagen IIIα that can direct stem cell chemotaxis *in vitro* and attract Sox2^+^/Sca1^+^/Lin^−^ progenitor cells *in vivo* in a mouse digit amputation model ([@B4]). Moreover, in a dog musculoskeletal model, ECM-derived scaffolds have been shown to recruit CD133^+^ myogenic progenitor cells ([@B160]) as well as Sca1^+^/PW1^+^ interstitial muscle stem cells ([@B159]). Whether similar mechanisms can direct CNS stem cell populations remains to be determined but is an ongoing area of investigation.

Both age and tissue type are important factors with ECM-derived from younger, tissue-matched sources, often achieving increased progenitor cell recruitment and enhanced ECM-mediated alteration of the default immune response toward a pro-repair M2 macrophage phenotype ([@B22]; [@B123]). Thus, tissue-matched ECM bioscaffolds, like porcine brain, optic nerve, or retinal ECMs, may be good candidates for modulating the innate immune response in CNS-specific, brain, spinal cord, retinal, or optic nerve injuries. Furthermore, recent advances in decellularization techniques have permitted ECM to be derived from delicate tissues previously not decellularizable using established protocols, including fetal brain, optic nerve, and retina ([Fig. 3](#F3){ref-type="fig"}). The ability to use hydrogels derived from fetal, tissue-matched sources, particularly in delicate CNS tissues like the retina, is an exciting and open area for investigation. Preliminary *in vitro* studies indicate fetal, tissue-specific ECMs can increase retinal ganglion cell survival and axon regeneration significantly over adult tissue*-*derived versions ([Fig. 4](#F4){ref-type="fig"}).

![Images and H&E staining of different decellularized CNS ECMs derived from fetal porcine tissues.](enu0051501170003){#F3}

![RGCs grow longer processes in ECM derived from younger, homologous tissue sources. ***A***, Fluorescence images of purified primary rat RGCs cultured in adult or fetal brain ECMs. ***B***, Quantification: *p \<* 0.001, ANOVA.](enu0051501170004){#F4}

Modulating inflammation is critical to a positive outcome in CNS tissues like retina and optic nerve {#s5}
====================================================================================================

Inflammation plays a central role in the healing outcome and in the rate of disease progression. Inflammation exerts both positive and negative effects on RGC regeneration. After incisional or penetrating trauma to the retina, cells die in all retinal layers adjacent to the wound ([@B126]; [@B134]). Similarly, all photoreceptors adjacent to the wound die by apoptosis or programmed necrosis. Retinal cell death is accompanied by the rapid onset of glial activation ([@B153]; [@B43]). Within 30 min of injury, cell cycle-related transcription factors that regulate astrocyte proliferation, like c-Fos and Jun-B, are upregulated ([@B43]). Within 3 d, glial fibrillary acidic protein and proliferating cell nuclear antigen, markers of activated and proliferating glial cells, are upregulated ([@B153]; [@B139]). Activated glia in the retina and in the optic nerve produce multiple pro-regenerative neurotrophic factors ([@B57]; [@B5]). However, reactive astrocytes also contribute to injury-induced ECM remodeling; altered synaptic connectivity in the retinal layers; and altered photoreceptor cellular organization, function, and synaptic connectivity ([@B43]; [@B83]; [@B89]; [@B72]). Various proinflammatory stimuli, including lens injury, intravitreal injection of zymosan (macrophage activator) or stem cells, and intravitreal peripheral nerve grafting, can all reduce injury-induced RGC death ([@B16]; [@B82]; [@B151]; [@B95]), presumably by modulating the nature of the inflammatory response. For example, after lens injury and intravitreal zymosan injection, retinal astrocytes and Müller cells release CNTF, which supports axon regeneration ([@B103]). Immunomodulation combined with endogenous or exogenous growth factors can enhance RGC regeneration synergistically ([@B74]; [@B88]). After incision-induced trauma to the retina, some types of inflammation appear to reduce retinal cell death and increase RGC axon regeneration ([@B15]). Immunosuppressive agents like corticosteroids have also been used to treat intermediate and posterior segment uveitis with some success. Corticosteroids can reduce inflammation and alleviate other structural complications. However, complete suppression of the immune system leads to secondary complications ([@B132]) that may actually prohibit long-term recovery in the CNS. In general, inflammation due to retinal trauma promotes an M1-like phenotype, which decreases RGC survival and increases scarring ([@B34]; [@B58]), emphasizing the importance of identifying the type and the scope of the inflammatory response, as well as highlighting the need for readily available and versatile immunomodulatory therapeutic platforms.

Can ECM-based immunomodulatory devices fill this need in the CNS, for example by slowing or halting retinal disease progression? Increasingly, microglial activation is implicated in retinal disease pathogenesis, including glaucoma ([@B155]), diabetic retinopathy ([@B156]), age-related macular degeneration (AMD; [@B53]), and retinitis pigmentosa (RP; [@B53]), among others. Transplantation of human induced pluripotent stem cell-derived retinal cell types has been proposed as a potential treatment for AMD and RP. However, this treatment strategy needs to be optimized with regard to characterizing and preparing donor cells ([@B112]). Current clinical immunotherapies can inhibit microglial activity ([@B154]). However, such strategies can also disrupt microglial regulation of CNS homeostasis ([@B41]). Thus, a more biocompatible immunotherapy like ECM may be advantageous under certain conditions alone or as an adjunct therapy. For example, in AMD, macrophages penetrate the interphotoreceptor matrix and polarize toward an M1-like phenotype, which is recognized as a key factor in dry AMD pathogenesis ([@B34]). In retinal diseases, can ECM hydrogels be used to modulate microglial activation directly or in combination by delivering other therapeutics in a natural, injectable, biodegradable device? And, if so, can sustained modulation be achieved in various diseases?

ECM technology can mitigate secondary trauma {#s6}
============================================

Primary mechanical injuries are often followed by additional tissue destruction and expanded scarring due to the inflammatory response. In the visual system, secondary ocular trauma in the retina or in the optic nerve can rapidly increase the injury area and lead to increased vision loss. One of the most detrimental injury conditions is during warfare, where significant delays in ocular treatment are common. In modern warfare, blast injuries are the most common wounded-in-action injuries accounting for ∼60% of all injuries as of July 2009, with up to 40% of blast injuries expressing concomitant eye injuries. To treat ocular trauma due to penetrating injuries and intraocular foreign bodies, the current standard of care requires a vitreoretinal service and a microsurgical operating suite, which is generally not possible on the battlefield or in Level III combat support hospitals. In a combat support hospital, patients do receive an eye evaluation and primary surgical repair by an experienced ophthalmologist ([@B144]), often within hours of injury. However, in cases where a microsurgical suite and a vitreoretinal service are required, patients typically experience a minimum 72-96 h delay before evacuation. These delays are during a critical period in the healing process since secondary inflammatory trauma can increase progressively and is often more damaging than the primary trauma. For example, secondary inflammatory responses to penetrating injuries can contribute to endophthalmitis, which can lead to vision and even eye loss ([@B81]), or proliferative vitreoretinopathy (PVR), which can result in progressive retinal traction, tears, and retinal detachment ([@B28]). The molecular cascades leading to PVR are detectable within hours in rodent models of PVR ([@B145]; [@B107]; [@B110]), again emphasizing the need for therapies to suppress secondary inflammation, like ECM-based devices, which are safe, derived from renewable resources, and relatively inexpensive, and can be tailored to the nature and scope of the injury.

ECM hydrogels are a highly tunable biologic platform {#s7}
====================================================

To address this problem, ECM hydrogel technology is being developed in two platforms designed to rapidly mitigate secondary trauma in varied injuries. The first platform is an injectable hydrogel ([@B97]) that can be injected into or around the eye, whereas the second platform is a convenient ECM and polymer biohybrid sheet ([@B61]). These technologies are designed to stabilize retinal or optic nerve injury, reduce scarring, and increase the potential for vision preservation. Both platforms are tunable, both mechanically and biochemically, to deliver drugs, cells, or other therapeutics in a biocompatible, immunomodulatory platform.

ECM hydrogels {#s8}
=============

ECM-based hydrogel scaffolds are advantageous because of their potential for minimally invasive delivery. Applying ECM technology to injured neural tissues has been limited, as previously reviewed ([@B99]), particularly in the CNS where intrinsic regenerative ability is low ([@B50]). However, a number of studies in spinal cord have shown that acellular ECM matrices can integrate within host spinal cords after traumatic brain injury and even improve motor function ([@B84]; [@B158]; [@B86]). UBM has been shown to promote constructive cellular responses to and neuroprotection of injured brain tissues ([@B157]). After injection into healthy brains, UBM did not increase microglia accumulation or astrocyte activation, or promote neuronal degeneration. After TBI in rats, UBM treatment reduced lesion volume and myelin disruption, and improved vestibulomotor function. However, cognitive recovery was undetected over the time points analyzed. Recently, [@B141] reported similar results following TBI, showing that UBM decreased sensorimotor skill loss, indicating that ECM hydrogels may be a viable treatment option in CNS tissues. In cases of penetrating ocular trauma, local ECM hydrogel injection provides a biocompatible, tunable gel for filling acellular injury-induced defects, recruiting and directing endogenous stem cell localization and differentiation, and modulating the immune system to promote positive tissue remodeling.

ECM biohybrid bioscaffolds {#s9}
==========================

Biohybrid scaffolds confer several advantages to ECM hydrogels by combining the mechanical and biochemical tunability of an electrospun polymer sheet with the biologic properties of ECM ([@B61]; [Fig. 5](#F5){ref-type="fig"}). In regenerative medicine approaches that require bioscaffolds with a higher tensile strength, hydrogels are disadvantageous due to rapid degradation rates and poor mechanical properties. The mechanical strength of ECM hydrogels can be improved by chemical crosslinking ([@B12]). However, crosslinking changes ECM composition, leading to increased risk of inflammation ([@B136]), altered degradation rates and products, and altered biological efficacy and effects. Combining ECM hydrogels with a synthetic biocompatible and biodegradable polymer has been shown to be a viable option ([@B128]; [@B152]). [@B61] used dual-stream electrospinning to blend synthetic poly(etherurethane urea) (PEUU) polymer and urinary bladder matrix. The resulting ECM biohybrid scaffolds have tunable degradation properties and tunable mechanical properties. For example, electrospun fibers can be aligned to direct axon growth. [@B69] created a scaffold with aligned fibers by electrospinning, which guided retinal ganglion axon growth directionally. By integrating ECM hydrogels, biohybrid scaffolds possess higher biocompatibility compared with purely synthetic scaffold materials. In non-CNS models, biohybrid scaffolds have been shown to promote constructive tissue remodeling in ligament, heart, and body wall ([@B61]; [@B131]; [@B67]). In nervous system tissue repair scenarios, the ability to readily form biohybrid scaffolds into a suturable nerve wrap or a patch to protect exposed tissues makes ECM biohybrid scaffolds attractive devices for both mechanical and biochemical support.

![Extracellular matrix in two sheet forms. ECM biohybrid sheets can be made by dual-stream electrospinning. PEUU and ECM electrospinning setup consists of two syringe pumps and two high-voltage power supply units (not shown). A high positive voltage (+7-10 kV) is used to charge the steel capillary containing the polymer or ECM solution, and a high negative voltage (−4 kV) is used to charge the stainless steel mandrel (ω). The mandrel is rotated at 200 rpm with a slow lateral translation over a distance of 15 cm, ***A***, Yielding a tubular, uniform PEUU/ECM sheet. ***B***, Fetal urinary bladder sheet after vacuum pressing. ***C***, ***D***, Scanning electron microscopy showing the random fibers in the PEUU/ECM biohybrid wrap.](enu0051501170005){#F5}

ECM hydrogels for cellular transplantation {#s10}
==========================================

ECM hydrogels provide a tissue-specific, naturally derived platform for delivering transplanted cells in an injectable platform. Transplanting purified retinal progenitor cells or neural stem cells (NSCs) has emerged as a promising therapy for preserving visual function. Intravitreal or optic nerve injections of RGCs, RGC progenitors, or stem cells are minimally invasive and have been shown in some neurodegenerative disease models to be neuroprotective ([@B77]; [@B42]). Transplanted RGCs or stem cells are hypothesized to slow retinal degeneration by modulating multiple prosurvival pathways simultaneously via locally secreted neurotrophic factors and/or via modulation of the intraocular microenvironment ([@B100]; [@B59]). And clinical trials have been performed to test these hypotheses ([@B106]). However, RGCs injected into the vitreous integrate randomly without the correct spatial and cellular organization. Moreover, although transplanted RGCs can extend long axons, their orientation is generally not directed toward the optic nerve head, a prerequisite for restoring RGC connectivity to the brain. Transplanting sheets of fetus-derived retinal progenitor cells subretinally can restore some vision in both animal models and humans. In Phase II clinical trials, visual acuity was improved in patients with retinitis pigmentosa or macular degeneration ([@B117]), demonstrating that cellular transplantation strategies can preserve retinal function in cases where the ganglion cell connectivity to the brain is intact. Moreover, retinal sheets hold promise for replacing RGCs with the proper cellular organization in the retina. However, similar to single-cell RGC transplantation, retinal sheets cannot replace lost RGCs with the correct retinal and optic nerve organization, and thus cannot currently restore vision loss due to lost RGCs. By using CNS tissue-specific ECM hydrogels, stem or progenitor cells can be encapsulated and then injected precisely within a biocompatible matrix, which may offer greater potential for integration and preservation of function.

In other cases, ECM biohybrid sheets may provide a better option for delivering cells. For example, mesenchymal stem cells (MSCs) can modulate immune and inflammatory effects after injury in both the CNS and peripheral nervous systems (PNS). MSC delivery into the injury site can provide anti-inflammatory, immunomodulatory, and neuroprotective benefits. For example, in dogs with acute spinal cord injury, the injection of MSCs significantly improved functional recovery ([@B109]). However, further studies have shown these injections cause additional injury due to needle penetration, spinal cord motion during injection, creation of intraparenchymal pressure gradients, and hydrodynamic dissection, instilling deformed cell masses and possible cord ischemia ([@B40]). Other studies, using scaffolds, have shown that fibrin sheets incorporating MSCs demonstrate longitudinal alignment of MSCs and infiltration of host neurites, which are correlated with further improvement of functional outcomes ([@B66]). Several mechanisms have been proposed for the improved axonal regeneration seen after injecting MSCs, including paracrine effects due to the release of trophic factors, including BDNF, NGF, VEGF, FGF-2, TGF-β, and interferon gamma-1 ([@B96]). By incorporating mesenchymal stem cells into ECM biohybrid sheets, the neuroprotective potential of stem cells is combined with the immunomodulatory benefits of ECM. Moreover, incorporating stem cells into a polymer with tunable biodegradability provides more control over restricting the cells to a defined location, like subretinal implantation or as an optic nerve wrap, while permitting the soluble factors released from both stem cell and macrophage degradation of the ECM components, which have been shown in some systems to have positive synergistic effects with regard to tissue repair ([@B87])

Can tissue-specific ECMs provide a more efficacious platform for stem or progenitor cell differentiation and integration? Numerous studies have shown that ECM bioscaffolds can direct site-appropriate cellular differentiation from both endogenous ([@B63]) and mesenchymal stem cell ([@B142]) sources. There are numerous examples of tissue-specific ECMs directing tissue-specific cellular phenotype differentiation and function. For example, cartilage-derived ECM can promote chondrogenic differentiation of adipose-derived stromal stem cells ([@B143]), while cardiac ECM can direct cardiac myocyte differentiation ([@B148]). Acellular spinal cord scaffolds can promote positive tissue remodeling in spinal cord injury models, similar to MSCs ([@B86]; [@B149]). Methods for decellularizing spinal cord ([@B52]), brain ([@B37]), and optic nerve ([@B31]) have been developed from adult and even from fetal sources ([Fig. 3](#F3){ref-type="fig"}). Acelluar CNS ECM scaffolds retain neurosupportive proteins, growth factors in a three-dimensional scaffold. Compared with UBM, CNS-derived ECMs induced PC12 cell migration, while UBM inhibited migration ([@B31]). Brain-derived ECM improved neurite growth of neural stem cells ([@B97]) and neuronal differentiation of induced pluripotent stem cells. ([@B31]). These studies suggest that ECM may provide tissue-specific advantages in CNS regenerative medicine applications and that ECM scaffolds in general may aid functional recovery after retinal disease.

Non-tissue-specific ECMs can also promote positive CNS repair {#s11}
=============================================================

Acellular muscle ECM has been used to treat spinal cord hemi-sections in rats. With the help of its parallel tubule structure, sprouting axons grew the full length of the scaffold in a strikingly parallel and linear fashion ([@B158]). Loaded with amniotic epithelial cells, acellular muscle scaffolds further promoted nerve fiber sprouting and remyelination, resulting in more functional recovery ([@B149]). Acellular vessels are also a candidate for nerve regeneration scaffolds. Acellular vessels were used as nerve conduits connecting the two stumps of injured peripheral nerves ([@B129]). Acellular PNS scaffolds may also be a good choice for optic nerve repair. Sciatic nerves were decellularized with different methods ([@B45]), and their function in nerve regeneration was evaluated ([@B84]; [@B45]). Schwann cells can support RGC axon growth, possibly due to neurotrophic factor secretion and/or the neurotrophic cell receptors on the membrane of Schwann cells ([@B11]; [@B64]). Treating ECM with neurotrophic factors can also improve their ability in CNS regeneration ([@B84]).

Cellular viability and retinal integration are improved by using various hydrogel materials, including hyaluronic acid ([@B44], [@B27]), Matrigel ([@B118]), alginate ([@B150]), collagen, ([@B34]), and fibrin ([@B99]). Brain ECM hydrogels promoted neuronal differentiation of induced pluripotent stem cells better than Matrigel-coated surfaces ([@B37]). [@B37] produced brain ECMs and found that neurons derived from human induced pluripotent stem cells plated on the brain matrix express neuronal markers and assume neuronal morphology. [@B32] showed that CNS-derived ECMs show higher ability in inducing neuron differentiation of neuronal stem cells compared with UBM. [@B86] developed MSCs that loaded acelluar spinal cord ECM, which promoted long-distance axon regeneration *in vivo*. Moreover, UBM hydrogel has been used as a carrier for NSCs and injected into rodent brain. The transplants reduced neuron/tissue loss and white matter injury, and also significantly ameliorated motor, memory, and cognitive impairments ([@B141]). Stem cells delivered by UBM hydrogels in a murine stroke model distributed uniformly throughout the lesion cavity instead of integrating into the host parenchyma. Better distribution was associated with better primitive tissue formation ([@B18]).

Conclusion {#s12}
==========

ECM-derived hydrogels are natural, biocompatible devices that can modulate inflammation, attract and direct stem cell proliferation and differentiation, and serve as a tunable platform for delivering an almost unlimited combination of genetic, molecular, and cellular therapeutic factors. ECM bioscaffolds have been shown to reduce inflammation and scarring while improving positive tissue reconstruction in tissues throughout the body. We hypothesize that tissue-specific hydrogels can do the same in CNS tissues generally as well as specifically within the retina and the optic nerve ([Fig. 6](#F6){ref-type="fig"}). Ultimately, a highly defined and targeted approach is desired to treat CNS injuries with specificity. Thus, future studies should include further characterization of the bioactive components in the ECM, how various ECM components impact the innate immune response, and, in turn, how soluble and nonsoluble factors act on other cells within the CNS, including the glia, primary neurons, and progenitor and stem cells.

![ECM technology can promote positive tissue remodeling by modulating several factors that contribute to the default healing response in the CNS.](enu0051501170006){#F6}
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Synthesis {#s13}
=========

The decision was a result of the Reviewing Editor Maiken Nedergaard and the peer reviewers coming together and discussing their recommendations until a consensus was reached. A fact-based synthesis statement explaining their decision and outlining what is needed to prepare a revision is listed below.

Synthesis of Reviews: this is potential a nice study, but additional experiments and discussion of the literature is needed.

Reviewer \#1

The goal of this study was to develop techniques for precise measurement of blood flow in retinal vessels. The approach involved the study of anesthetized paralyzed rats and visualizing the passage of fRBCs in the retina. Along with baseline data, changes in blood flow to two stimuli (hypercapnia and hyperoxia) were tested. From the data, the authors conclude that the method they describe provides precise and accurate measures of absolute blood flow and velocity in retinal vessels of all sizes. While some elements of the study appear to be new, there are several issues with this study and its presentation.

1\. The paper repeatedly states that absolute blood flow was measured. In reality, the description indicates that blood flow was calculated based on other variables that were directly measured. Please be more precise throughout.

2\. What are the references listed in the text as: Anonymous, 2012, 2014?

3\. Recordings of blood pressure were included in the study, a positive. Along these lines, how stable was blood pressure during the actual measurements of diameter and velocity? Was it affected by interventions like hypercapnia?

4\. The main conclusion regarding resting blood flow was based on only an n of 3, and the values are quite variable. For reasons that are not well justified, the authors state this was expected. Variability could be due to a number of factors, and a larger n is typically needed for a new method to be rigourously evaluated and convincing. The authors have not performed a comparison between the current new approach and any other established (gold standard) approach in the same animals. Related to this point, the paper does not provide any kind of serious discussion of how resting values obtained in this study compare with the literature. There are many previous studies that have quantified retinal blood flow (using microspheres and other approaches) in multiple species (eg, rat, cat, rabbit, monkey, pig, etc). For whole tissue and when expressed on a per weight basis, how do flow values in the current and previous studies compare?

5\. The authors conclude that the method used here to obtain blood flow is precise (has high precision). This statement is also not entirely convincing. For example, the changes in blood flow are not close to what one would predict based on the diameter changes that are shown. With hypercapnia for example, the change in blood flow is much much less than would be expected based on the diameter change shown (Fig 5). The authors state this was expected because of perfusion pressure changes that likely occurred, but they provide no evidence for such changes or effects in this model. An alternative (that has not been excluded to this point) is that the method for obtaining values for blood flow in the current study is not as precise as is being concluded.

6\. How do you interpret the changes in venous diameter? Are these changes active or passive?

7\. The manuscript stated that PCO2 was 35-45 mmHg, but only end-tidal CO2 measurements were mentioned. It also says sO2 was greater than 92 mmHg, but states elsewhere that O2 saturation was measured. For both CO2 and sO2, values are presented in mmHg, but it is unclear how that value was derived based on what was measured? During hypercapnia, what level of PCO2 was produced?

Reviewer \#2

The presented work documents the use of fluorescent red blood cell monitoring by video microscopy as an approach to assessing retinal blood flow. The approach would appear to provide practically useful information that could be relevant in the context of experimental studies. A few questions arise.

1\) It would seem important to emphasize that the methodology provides information only about red cell transit. Issues relating to hematocrit variations within microvasculature have received considerable attention (e.g., Gould and Linninger, Microcirculation 22:1-18, 2015), and any limitations this may place on the interpretation of the results should be considered.

2\) There has also been recently published work using video imaging of unlabeled red cells (Ortiz et al., Physiol. Meas. 35:351-367, 2014), so it would seem relevant to compare the limitations and advantages of these approaches.

3\) As a very minor point, it might be better to state anesthetic dose in terms of the alpha-chloralose content of the administered complex (10% of total) to permit more direct comparison with past studies.

**Author Response**

Dear Dr. Nedergaard,

As suggested in your letter of 4 February, we have revised our manuscript, "Measurement of retinal blood flow using fluorescently labeled red blood cells." In all instances, we have followed the advice of the reviewers in revising the manuscript. We thank the reviewers for their helpful comments, which have greatly strengthened the paper. We have made the following changes to the manuscript.

Reviewer \#1

The reviewer asks that we be more precise when referring to the method we used in calculating blood flow. To address this, we have made a number of changes to the text to indicate that blood flow was not measured directly but was calculated from multiple measurements.

References that refer to our previous work were listed as Anonymous. This was required by the eNeuro submission guidelines as a way to preserve the double-blind nature of the review process. References to our previous work remain listed as Anonymous in the revised manuscript.

The reviewer asks about the stability of blood pressure in our experimental animals. Blood pressure remained within the normal range (95 - 130 mmHg) during experimentation and did not vary greatly over time. This has been clarified in the manuscript (lines 95-97). Blood pressure was not tracked in real time during hyperoxia and hypercapnia but it remained within the normal range. This is noted in the revised manuscript (lines 141-142).

We thank the reviewer for pointing out that our measurements of resting blood flow are not adequately discussed in the context of the existing literature. We have revised the manuscript to include a more thorough discussion of this issue, comparing our flow values with those from previously published studies (lines 339-347). Our measurement of total retinal blood flow serves as proof of principle, not as a comprehensive analysis of blood flow in the rat. Thus, a large sample size is not necessary. This is clarified in the text (lines 338-341). In addition, as suggested by the reviewer, we have added a paragraph comparing our measurements of blood flow, expressed per unit weight of tissue, to previous studies (lines 346-354).

The reviewer points out that our blood flow measurements may not be precise, particularly as demonstrated in the hypercapnia experiment showing less flow change than expected for a given change in vessel diameter. We have revised the manuscript to provide a more complete explanation of this observation (lines 361-369). In addition, we have removed in all instances the word "precise" from the manuscript.

All evaluations of venous blood flow were done under baseline conditions. The hyperoxic and hypercapnic challenge data came from arterioles only. The manuscript has been revised to clarify this (lines 143, 267, 774).

We thank the reviewer for pointing out errors in documenting blood gas parameters. Indeed, we measured end tidal CO~2~ and not pCO~2~, and sO~2~ and not pO~2~. The manuscript has been revised to correct these errors (line 97). The pCO~2~ value recorded during hypercapnia has also been added (line 141).

Reviewer \#2

The reviewer rightly suggests that we should more thoroughly discuss the impact of local hematocrit on our results. The manuscript has been revised to include a discussion of this issue (lines 407-413).

We thank the reviewer for calling to our attention the paper by Ortiz et al. In the revised manuscript, we compare this and other image-processing methods to our own (lines 385-396).

We agree with the reviewer that chloralose dosing can be confusing and have clarified the dosing in the manuscript to better allow for comparison between studies (lines 84-86).
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